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ABSTRACT

A method of measuring fluctuations in velocity
by means of a hot wire anemometer system has been devel-
oped and applied in a flow field where large concentration
gradients exist. The flow field chosen 1s a coaxial flow
of two dissimilar fluids with a density ratio of 4:1. The
fluid medium is alr and the other fluid is Freon-12.

This system 1ls of present interest in the devel-
opment of a gaseous core nuclear rocket reactor. It also
finds application in the development and use of ejectors,
Jjet pumps, after burners, combustion chambers and plasma
injection systems.

Fluctuations in velocity and density are related
to the fluctuations 1in power loss of the hot wires. How-
ever, an application of power loss correlation to data taken
from two parallel wires in coaxial flow failed to give reason-
able values. The reasons for the failure of this accepted
method are analyzed.

The inapplicability of applying this method to the
parallel wire data led to the development of the new method
based on the use of an aspirating density probe in conjunc-
tion with the parallel wires. The equations found, when ap-
plied to coaxial flow data, give values that are reasonably
damped with respect to density fluctuations. Also, these
correlations are found to be inapplicable in certaln mean
velocity ranges, i.e., at low and very high velocities.

Results of calculations of velocity, density and
fluctuations in velocity and density in coaxial flow of the
air-freon system are presented and discussed.
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I INTRODUCTION

The study of shear flows has been carried on for
many years because of their wide occurrence in nature and
in machinery. In the experimental studies carried out on
shear flows, measurements have been made mainly of local
mean velocities, Where gradients in temperature and density
were also present, it usually was the mean values of these
quantities that were also measured., There also has been con-
siderable use of the hot-wire anemometer to measure fluctua-
ting values of the velocity when there are no gradients of
density or temperature present, One investigation included
temperature fluctuations along with velocity fluctuations.
However, investigations including velocity and density fluc-
tuations where gradients of both properties are present in
the flow field have been conspicuously lacking in the liter-
ature,

It is the object of this work to develop a method
for obtaining velocity fluctuations in a shear flow with a
large density gradient, using a hot-wire anemometer system,
The system chosen for the investigation is one that is of
present interest for gaseous core nuclear-rocket reactors,
It is shown in Figure Ll. A low velocity, high density Freon-
12 jet is surrounded by a large, high velocity, low density
air stream. Measurements of the velocity fluctuations are
obtained in the mixing region where gradients of both the

velocity and density are high,
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Several experimental runs were made for this system
which has a density ratio of 1l:4 at velocity ratios ranging
from 5:1 to 40:1., The data were analyzed with the method de-
veloped in this work. An attempt was also made to obtain
values of the fluctuations in density, but this proved un-

fruitful,



IT BACKGROUND

Several theoretical and experimental studies on
the mixing of coaxial streams have already been made, and
a brief review of these past investigations, with special
reference to measurements of turbulence quantities will be
presented in this chapter.

Since the flow of streams with free boundaries
such as jet and coaxial flow are inherently turbulent, (ex-
cept perhaps at the mouth of the flow nozzle), most of the
investigations are confined to turbulent flows, These flows
are characterized by a random fluctuating flow superimposed

on a time smoothed flow,

The average term denoted by the barred quantity is defined by
taking a time average of the instantaneous component over a
time interval T. This time T is large compared to the time
scale of turbulence but small enough to detect slow variation
or unsteadiness in the mean flow. For a general component Q,

therefore,

1
Q = — Qdes
T



and

While the time average of any one fluctuating quantity is zerxo,
the time average of the product of two fluctuating quantities
is not necessarily zero and is zero only if the two quantities
cannot be statistically related to one another,

Many of the investigations in the field of turbulent
jets were involved with determining the turbulent velocity and
density distribution and the value of the turbulent transport
coefficient A_, called the eddy viscosity, from experimental
techniques, A few of the investigators are: TollmienS, Guer-
ther6, Keuthe7, Squire and Trouncer7, Ferri et a19, Alpini-

erilo, Ragsdale et alll

, and Boehmanlz. Weinstein and Todd13
made an analysis of the mixing of coaxial streams of dissimilar
fluids and theoretically predicted the velocity and density
distribution by a numerical solution of the system.

14

Corrsin appears to be the first to report any
fluctuating data on the round free jet. He measured turbu-
lence intensities in a homogeneous jet with a hot wire ane-~
mometer and, later, with Uberoil5, reported temperature fluc-
tuations in a hot jet. It also appears that he was one of the
first to analyze the effect of fluid stream properties on the

hot wire anemometer system. In one of his reportle he pre-

sented the relationships between the power loss in the hot wire



and the velocity and density and that of power fluctuations
to velocity fluctuations. He also mentioned the possibility
of measuring density fluctuations from the power loss fluc-
tuations of two hot wires of different diameters.

Tani and Kobashi16 reported measurements of turbu-
lent quantities for homogeneous coaxial flow in 1951, Their
apparatus consisted of a 9 mm diameter jet exhausting into a
tunnel 60 cm x 60 cm, Utilizing a hot wire anometer, they
measured turbulence intensities in the axial (QTE)% and radial
(;TE)% directions and the turbulent Reynolds stress u’v’.
They presented curves of each quantity versus a dimensionless
radius, for various axial positions, all far downstream from

17

the jet mouth. In a continuation of the work Kobashi reported
temperature fluctuation measurements of a hot free jet, taken
with a single wire anemometer, He reported curves of fluctua-
ting temperature (ETE)%, (ETE)% and the correlation u't’ versus
dimensionless radius.

Zawacki has also reported the turbulent terms

for coaxial homogeneous constant temperature turbulent jets.
His apparatus consisted of a 3/4 inch diameter jet in an

8 inch by 8 inch duct., Measurements were made using both
single and cross wire hot film anemometers. He took measure-

ments at various axial positions, close to the nozzle as well




as far downstream. Rosensweig18 used an optical technique to
measure concentration fluctuations in a smoky jet.

Blackshear and Fingerson19 also have reported concen-
tration fluctuation measurements in a free jet. They used a
helium jet issuing from a 1.27 cm orifice into room air as a
medium, Measurements were taken with an orifice or aspirator
probe. These were made 15 diameters away from the orifice.

Congerzo used a closed system wind tunnel and hot
wire anemometers to measure concentration and velocity fluc-
tuations. He assumed that because of the nature of the setup
the turbulence was isotropic and, therefore, no correlation of
velocity to density or temperature. Under this assumption, he
could thus use a parallel wire anemometer and separate the velo-

city and concentration fluctuations.,



III ANALYTICAL DISCUSSION

A, Fundamental Relationship

The loss of heat from small heated cylinders placed
in a fluid stream was first studied extensively in connection
with hot wire anemometry by King21n Since then, many other
investigations have been undertaken. From the many experimental
analyses that have been made, it is now established that the

heat loss from a hot sensor can be represented by an expression

of the form:

P = (A+BVn)(tS—t IIT - 1

)

Where A and B are numerical consfants, V is the normal velocity
past the sensor, ts is the temperature of the sensor, t_ is the
temperature of the environment, and P the power required to
maintain the sensor at the temperature ts. The constant n is
usually taken to be 1/2., An equation of this form adequately
describes the power input versus velocity characteristics for
hot wire anemometers so long as the velocity is sufficiently
high, If the velocity is low, below about c¢ne foot per second,
the power input versus square root of velocity becomes non-
linear.,

Experimental investigators of hot wire anemometry
agree in their results, and the only difference in the analysis
lies in the expression for the constants A and B, The follow-
ing empirical relationship describing the heat transfer was
23

given by Kramers and is widely used,




1
Nu = O.42 Pr0"2 4+ 0,57 pr /3 Re0*5 III - 2

Where Nu is the Nusselt number, Pr is the Prandtl number, and

Re is the Reynolds number. The constants A and B are given by,

02
g = 0.42 me kg 1 (Pr)g020 T - 3
a R
1 o}
1
B = 0.57 mekg 1 (Pr), ENTAEILIE 11T - &
a R M
1 o f

Where e 1is the conversion constant, k the thermal conduc-
tivity, w the viscosity, p» the density, a the linear
1
temperature coefficient of electrical resistivity, R the wire
0

resistance at a reference temperature t , 1 the wire length,

0
d the wire diameter and the subscript f means the guantity

is evaluated at the film temperature., The film temperature
is taken as an arithmetic average of the sensor temperature,
t,, and the environment temperature t,. Thus, the constants
A and B depend on the physical properties of the surrounding
medium as well as the dimensions of the wire.

In practice, A and B are experimentally determined
as was done for the air and freon-air mixtures described in
the report, It is also possible to calculate the equivalent

length and diameter of the sensor from a pure air calibration

and equations III -~ 3 and III - 4 and then estimate A and B



for other gas mixtures by comparing physical properties. This

estimate, however, is not accurate,

B. Relationships in Concentration Measurement

The utility of hot wire anemometers lies in their
response to fluid stream properties such as average concentra-
tion, average velocity and fluctuations in concentration and
velocity. Thus, in non-turbulent flow of constant velocity,
the density may be found by a direct application of equation
I71 - 1 and III - 2. It may also be found through an empirical
equation or graph relating density and power loss through the
wire,

The density measurement is not as simple if one is
measuring the density in a region of flow where both a velocity
and density gradient are present, A hot film sensor mounted
in a sonic aspirator probe can be used to measure concentra-
tions in this type of flow field. Suffice it to say in this part
of the discussion that the power loss from the sensor becomes
a function of the molecular weight of the gas flowing past it.

Hence, if P be the power input to the sensor,
P = P{c) III - 5
The above equation is valid only when there is no
fluctuation in concentration, In general, if P is the average

power loss and ¢ is the average concentration, it can not be

said that

P = P(S) III - 6




In flow streams with fluctuating concentration, the
relationship of average power loss P to average ccncentration
¢ may be derived as follows. The instantaneous power loss may
be expressed as the sum of the mean power loss P and a fluctua-

ting component p’. Hence,

P = P +p’ III - 7
Likewise,

c = ¢C +c’ I1I - 8

Where ¢ is instantaneous concentration at a point, © is the
mean concentration at that point, and ¢’ is the fluctuating
component of concentration,

From equation III - 5, the following is obtained:
P+p’ = P@E+c) III - 9

and by a Taylor series expansion,

- ’ 2
P +pl — P(E) +§£c +§__2_EC + s 111 -10
dc dc? 21

averaging with time,

- - ar2 2p 73
F - p(E) + d=p ¢ + d?P ¢
da? 2! dec3 31

T aaa I11 -11

Thus, the average power loss in a wire does not correspond to
the average concentration at a point where fluctuations exist,

Equation III - 11 will be useful in a later discussion.

11
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C. Relationships for Velocity Measurement

In non-turbulent flow, the velocity past a sensor
may be calculated by a direct application of equation IIT - 1,
assuming that the density is known. In turbulent flow, the
relation between average velocity and average power loss is
different from that given by equation III - 1. Two cases will
be dealt with here; one applying to homogenous flow and the

other to heterogenous flow.

1. Homogenous turbulent flow

The velocity V past the sensor is assumed to be made
up of an average stream velocity U and fluctuating com-
ponents u’ and v’ in the flow direction and perpendic-

ular to the flow direction respectively. Thus,
- 2 1
vV = L(U +u’?) o+ viRP IIT -12

The quantity VO may be expanded in a series to give,

Vo B 1M alel) @2
U 2 U
111 -13
-I_l- (g—’-)z—*_ Ill“}
2 (U ) -

The average power loss may be given by the equation:

—_—

P = A(c) + Blc)V IIT -1k

In homogenous medium

E(c) = A(c) = constant
B(c) = B(c) = constant



so that equation III - 14 becomes
T - A+BV 111 -15

Taking n = 3 and time averaging, the following ex-

pression is obtained from equation IIT -~ 13

1 -1
2 2

vE = Ll

)2, L) cer | IIT -16
) 2

u’
U U)

—

(
2

= e

and combining equations III - 16 and III - 15,

-1 r\2
P - A+BU? (1 - 2@l)® I

2 v inr -1
L{U ) 2{ ’

Equation III - 17 shows the effect of velocity fluc-

tuations on the mean power loss.,

2., Heterogenous turbulent flow

The average power-velocity relationship for hetero-

genous turbulent flow is given by equation III - 14,

P = A(c) + B(c)VE IIT - 14

If the composition of the fluid past the hot wire is
variable, the quantities A and B in the above equation
will no longer be constant. The power input to the hot
wire depends upon concentration as well as velocity past
the sensor, The relationship between A énd B and mean

concentration is given below,

13



1

since the quantity ¢’ is zero,

— 28 72 31 473
E = A(z) + SR’ LA
dc? 21 dec3 31!

+ LI I ] III_’18

1
The expression BV? can be expanded in a series.

e

Thus,
BVE - [B(E) ;4B e’ [ dBc’2 ..,.] (ﬁ%)(l + 1
dc dc? 21
MECERL I 15 A0 R ITI-19a
8(Uu ) L(U )

After term by term multiplication and averaging,

the above expression becomes:

Y-
BV = B(E)UF |1 - 117, 10T,
8(U ) L(U ) -
LBy lEE 1w, 1avE,
de 22 U g8 U= L U=
p 4B g G Lo LomTE L
dc? 2 T & U2

The mean power velocity relationship is found by
substituting equation III-18 and III-20 into equation
ITI-17.

P = A(c) + =%




1) Li)®
8 (T ) & (T) -
L9BgE lcw’ lghu’ 1c'v'Z
e 2 0 8 T2 4 T2 -
Ld?gh c’®  lofu' LcluR
sz - 210 8w 7 I11-20

Equation III-20 shows that the mean power loss may be
greatly affected by density and velocity fluctuations, The
velocity correction given by this equation may be very im-
portant in highly turbulent flows. It should also be noted
that it reduces to equation III-17 if the concentration fluc-

tuation is absent.

D. Relationships for Velocity and Density Fluctuations.

The real utility of hot wire anemometers is in the mea-
surement of turbulent properties such as turbulence intensity
and turbulent shear stress. As in velocity measurement, sep-
arate expressions for homogenous and heterogenous flow are

obtained.,

1. Homogenous flow.

In the preceding discussion, the following expres-

sion was obtained:

- ’ ry 2 2
LR U n-l)fe’)= , niy’) teee | III-12
U 2 (UT) 2(0)
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This expression may then be substituted into equa-
tion III-1 to give the instantaneous power supplied to

the sensor

we,ly's teae | III-21
d
2
The average power level P is given by equation III-

17. OSubtracting equation III-17 from equation ITII-21,

pr =B0F (L B1 . 1 (@2l w2y vzl 7R 4,0 III22
2 LU= -

Since the average values of p’ and u’ are zero, the
root mean square (rms) values are normally used as a mea-
sure of turbulence, Defining (ETE)% as the root mean
square value of u’ and (575)% as the root mean sguare

value of p’, equation III-22 becomes

—_— - RYAY: —
572 =B2T Ll wl)® o L (373 4 qgrvr2 tear) ] III-23
L (U ) 43

Assuming that

u’ << U

it

v < <

equation IIT-23 may be linearized to give




or

a

—

’

=

N
N
B,

I
I| =
HS)
e

III-24

U= U

o5}

The quantity on the right hand side of this equation
is known as the turbulence intensity. Thus, the tur-
bulence intensity in the mean flow direction may be eas-

ily calculated from this relationship.

2. Heterogenous flow,

The power loss of the sensor is affected by changes
in both velocity and concentration, In streams where
the fluid medium is not homogeneous, the power loss
fluctuations are a function of the density and velocity
fluctuations and their cross product. Let us denote

P, c, U as the mean power loss, density and velocity,

respectively, and p’, c¢’, u’ and v’ as the fluctuations

in power, density, and axial and transverse velocities.

Then the instantaneous power loss is given by
5 5 5 o 3
P=P+p’'=A(C+c')+B(c+c’)|U+u)?+ erJ
By expansion in a Taylor series,

+
dc 21 dc¢*=

’ 2 r2
) 44 c 1 d crz

P+p’ =4 (C

dB ’ ) -l
+ | B (c)+—(;; c taos | [U7]

17
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14

o I
d%ﬁ
N -
b
+
e
ai
hAS)
L

+
-]

Ll+

N =
e

ITI-25

Subtracting equation III-20 from equation III-25

gives
-1 _1
I 2 ’ 14 2 292
pr =Bc’  dBUc”  Bu 1 Ld A, Ud Bj
dc dc 2 Uz 2 ~dc? dc?
LETE - c'?| - ? Lu'z - JTEJ + ?
- 8ui/a LU3/ 2
|v’2 gr2 4 12dB_1 lefu’ - c’u’ |
L =1 s
2 dc /2
- idB Lc'u’?- - c’u’le +oae I11-26
8 de 63/2

Assuming that terms of order greater than one are

negligible, equation III-26 reduces to

p' ~ 3B o 4§z By B

-1
do de 2U /2

u’ 111-27

Equation III-27 is merely an approximation of equa-
tion III-26, It is valid only when the fluctuating
qguantities ¢’ and u’ are small, The above relation
when used for flows where the turbulent intensity
usually exceeds 10% will give an appreciable error,

Equation III-27 can also be derived using the tools
of total derivatives, The exact differential dP is re-

lated to concentration and velocity by

= 2 go+ & gy
dc dV




14

For small changes in ¢ and V, U » V, dP =~ p’,
de ~ c¢’, and du ~ u’ so that,
pr =28 o 4 2B III-28
3c Vv
opP op : . .
Where — and — are obtained from King’s equation
3¢ 3¢
(III-1)
pr = (2 153 By o L B_ I1I-28a
de de _U=

which is the same as equation III-26,

The average value of p’ is zero and, normally, the

root mean square (RMS) is used as a measure of the in-

ey
(u’?)% are the

i — 1
tensity of fluctuations. (p’?)%, (c’?)Z2,

Yoot mean squares of power fluctuations, concentration

fluctuations and velocity fluctuations, respectively.
Squaring equation III-27 and averaging with time,
the following expression is obtained:

7 éBch?+2_§£_a_Pc:u:

2 e
p'? = + (22)7 a2

I1I-29
dc ac dV 3V

Equation III-29 shows the relationship between the
square of RMS of power, concentration, velocity fluc-
tuations and the cross product c¢c’u’. Only the root
mean square of the power fluctuations can be measured
directly so that another two correlations are needed

to evaluate the three terms.

19
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These equations may be provided by applying equa-
tion III-29 to another sensor of different geometrical
or physical characteristics as the first one and by ap-
plying equation III-29 to the sum and difference of the
power loss in the two wires.

Thus, four different sets of equations may be ob-
tained from the use of two hot-film sensors. Affixing
the subscript ; for the first film and , for the

other film, the equation can be written as,

for the first sensor,

— 2 — ———
P2 = (5P1) iz 4 o Py 3Py o
3c 3c  dV
(BPV)? w2 IT1-30
Y%
for the second sensor,
—_ 2 —_—
p’® = (EEE) 2 4+ 2 P2 P2 gy
1 ac ac oV
2 e—
RECNETE: ITI-31

(___

v

for the sum of power loss in the two wires

(p“—_—, T b7 )2 3P, , 2 ® 73, , 3y , W
1 T2 (—  —) (—  —
¢ 3¢ ac ac
3P, , 3P, 3P, , P, ° —
(— ¥ —5) crur + (— T —5) wr? 1II-32
-1 3V 3V 3V




for the difference of the two powers

— 3P; 3P, R — 3P, 3P,
(p! = p’)f = (— " —) 'R+ 2 (— T —)
1 R dc dc dc dc
3P, 3P, — P, 3P, B ___
(— " —) c'u’ + (— 7 —) u’? ITI-33
3V dV 3V VvV

Any three of the above four equations are in theory

independent and may be used for calculating the three

quantities ¢’2, c¢’u’, and u’?, However, when the first

’
two equations (III-30,-31) and either one of equations
I1I-32 and -33 were applied in solving for the three un-
knowns, it was found that a slight change in any of the
measured values 5?5, 523, (5?—1_5272, or C;?-:—;ZTé
resulted in large changes in c¢’? and u’?., It was also
found that this occurred for changes in the measured
values small enough to be beyond the sensitivity of the
measuring apparatus.

The first observation comes from the fact that at

high velocities,

3P, 3P, 3P, 3P

~

3c 3¢ T av 3V
(to be shown in a later section), i.e., if the three

equations are written in the form,

—

a; ¢’ + by ¢’ u’ +cyu'? =P
az c’? + byc’ u’ +cyu’'?® =P,
az c’? + by c’ u’ + czu’? =DPj

21



then it will be found that

@ _bo@ IIT-34
az bz cp

221 | III-35
as bsy cj3
so that the determinant
a; by oy
as bp co»
as bz c3
is a very small quantity. Hehce, slight changes in

either of P,, P,, and P3 produce large effects in the

calculated values.

In view of the inability to obtain a valid solution
from any three of the four equations, a different ex-
pression for the evaluation of c’2 is obtained from
the power loss concentration relationship of the as-
pirator probe, Subtracting equation III-11 from equa-
tion III-10 results in

. 2 o
o’ =g¥.c’,+_d__£ {(c’2 - ¢c’2) +

dc de?

asp

. (c’3 - c'3) +uuo III-36
dc



squaring and time averaging the above equation,

2 - ()% 2y 4R T

plz = cl3 +
de dec dc?
3 —_
2 S‘:E' Q C,LP +l|u III-B?
de dc3

and if it can be assumed that the higher order terms

are negligible, equation IIT-37 reduces to

o)
w

c’'? = I11-38

g%

Equation III-38, together with equation III-30
and III-31, may be used for obtaining ;75, 572, and
cu’, It was found, however, that these equations give
results which exhibited a lack of dependence of w2
and ¢’2, i.e., u’2 is not greatly affected by what-
ever values are found in equation III-38, This obser-

vation will be shown to be mathematically correct.

Equation III-30 and III-31 may be written in the

form

aq c’c + b1 c'u’ + Ch T.l,—e = P] 111-39

as c’? + by c'u’ + cpu'®

]

Ps III-40

By a rearrangement and division equations III-39 and

11140 become



2L

Q
[«

a; ¢’'* + by P, - ¢y u’?

ITI-41

Py, - cpu’?

jod)
0
Q
V]
+
o
hY)
Q
=]

In order for the turbulent velocity term 1’2 to be
independent of c’2, the left hand side of the equation
should have a constant value, whatever may be the value of
¢’?, This can be shown to be true if

a, b-,

az by

That this equality is almost satisfied at region of high
velocity will be shown in the following paragraph.

From previous discussion, the following may be ob-

tained.
dA, dB, & *
a o+ 1V
! (dc de ) 111-k2
dA; dB; 2
2 lx tm 7
T R R 5
= 1 2 3o III-43
dA, dB;. By
by = (— +—) — III-44
dc de Ve
dA dB B
b, = (—= + —%) Z=£
dc dc vz
_ dA dB kB
= (ki =L+ kp 1y 22T III-45
dc dc vz



From equations III-43 and III-42

14

a_1____l_ dc de

az *e2f 1 k. ag, L $Br ITI-46
— — + — Vz
1(2 de dec

Dividing equation III-44 by equation III-L5

dA, + dB, 5
b, 1 de de v
— = = | ITI-47
by kg LEL da, _ dB, vE -
ky dc de
C-, _
ca  Ea2 III-48

At moderately high velocities, where

dB] 1 k] d—A] a1 b1
—— V2 > ——— ’ —_— 0 —
dc ke de ap b2

which proves that c’2® 4is almost independent of u’-Z,

Though it can be said that since the following equation

also holds
a] C_'—2 + C]'G.—;—é P1 - b} C?T.l’
— — — ITI-49
a; ¢’'* + cu’= P, - by c’u’
, C g aq ~ ©1 e
and that at high velocities — ® — , then c'u
az Cza
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should also be constant, This is true. However, the term
c¢'u’ will not be as close to its original value as u’?

since the ratio 21 is closer to by than it is to &I

az by Cz

As a final word, equations III-42, III-43, and III-
L5 also show that equations III-39 and III-4L0O are not inde-

pendent of each other at very high velocities, because at

this point

— —

a; ¢’?2 + by c’u’ + ¢y u'f = Py =

- 72 1,7 12|
ko2 laz ¢ + bpc’u’ + cpu’~]

It will be discussed in Chapter VI that the fluctua-
tions in density, as given by equation III-38, do not repre-
sent the true fluctuations in the flow field because of a
damping effect in the aspirator probe., The results of apply-
ing equations III—38, ITI-31 and III-30 in the calculations
forms the basis of discussion in Chapter VI and will not be

further discussed in this section,



IV EXPERIMENTAL DISCUSSION

Figure IV,1 shows the experimental setup used in ob-
taining data. Essentially, it consists of a 4 foot long, 3/4
inch diameter stainless steel tube mounted coaxially in a 6
foot vertical plexiglass duct of square cross section., A cen-
trifugal blower with its inlet connected to the bottom of the
duct pulls the outer stream air through the duct and metered,
constant temperature Freon-12 is pressure fed through the 3/4
inch steel tube as the inner jet. Hot wire anemometers are
mounted on a traversing mechanism geared to the duct to traverse
the field radially and axially, énd.their power outputs are con-
trolled by two independent channels and recorded on a digital
voltmeter, The monitoring equipment included a digital volt-
meter, rms voltmeter, a sum and difference unit that could add
or subtract the outputs from the two independent channels and
a dual beam oscilloscope,

Most of the sensors used in the experiment are of the
hot film type. For the experiment, two sensor probes were used,
They were a parallel wire probe and an aspirator probe. In the
parallel wire probe, two sensors, .0l inch apart, are mounted
parallel to each other on a single probe. The wires were
oriented in a plane perpendicular to the plane of the travers-
ing mechanism and were connected to the probe holder by a
ninety degree angle adapter. The aspirator probe is a con-
centration measuring device andvconsists of a 1 mil sensor

mounted inside a 0,08 inch ID tube., The tube is connected to

27
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an angle adapter and then to the probe holder. The tube con-
tains a jewel bearing with a hole diameter of 0,008 + ,001
inch behind the film., A vacuum pump sucks through the probe
holder and sufficiently reduces the pressure downstream from
the bearing to insure sonic velocity at the throat of the
bearing. This sonic velocity depends on the molecular weight
of the gas and, therefore, on the composition., The power dis-
sipated at the film depends on the composition and velocity

of the gas passing through., The velocity past the film is re-
lated to the sonic velocity by the equation of continuity, and
since this depends on concentration, the power dissipated from
the film is related directly to concentration., The device
withdraws only a small sample from the stream and provides
instantaneous readings at the point of interest.

Before making any measurements, the sensors are cali-
brated by passing a stream of gas of known velocity and concen-
tration through them. Power loss readings at different velo-
cities and concentrations are taken., A graph of millivolts
registered versus gas velocity and density is drawn and is
3)_

shown in Figures IV-2 and IV-3, respectively. (See Zawacki

1

Experimental procedure:

A set of data for a particular inner stream to outer
stream velocity ratio included four runs: (1) a run with the
aspirator probe to determine density profiles; (2) a second
run with the signal from the aspirator probe connected to the

rms voltmeter to give fluctuating density measurements;
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(3) the third run is made with a parallel wire probe to deter-
mine average velocity profiles; (4) for the fourth run, the
outputs from the sensors of the parallel wire are transmitted
to the rms voltmeter and the fluctuating voltage recorded.

A more detailed treatment of the experimental work

25

is given by D’Souza”™~.



VvV CALCULATION PROCEDURE

From the data collected, the velocity ﬁ, density 5,

and fluctuating quantities ETE, p’u’, and u’? are determined,

The density p 1is used because it is more convenient to express

concentration in terms of density,

The following calibration curves are required for pro-

cessing the experimental data:

a. Calibration curve for the aspirator probe, which gives
the relation between power input and density, from here on

will be called density calibration curve.

b. Power versus square root of velocity graphs for various
freon air - gas mixtures, for both sensors on the parallel

wire probe, from here on will be called velocity calibration

curve,

c. Subsequent "A” - versus - density and "B" - versus -
density curves as shown in Figurxe V-1, which are called the

A - calibration curve and B - calibration curve, respectively.

The power irput to the aspirator probe is directly con-
verted to density from the density calibration curve. The power
loss correction for fluctuating densities as given by equation
IT1-11 was not applied. However, this correction was found fo
be small as will be mentioned in a later section, This cor-

rection equation is given below in terms of density »p.

- PR 3 —
Pd" i_Edp'z Q_P_dpl:i “~so0ao = Pd(-:) V"l
dp? dp3
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Where Pj refers to the measured mean power loss in run 1,
Rp) refers to the power loss corresponding to the actual mean
density in the density calibration curve.

It is sufficient to use only the first term in the cor-
rection, because the other terms were found to be very small com-
pared to the first one.

The square of the 1rms of density fluctuation 5’2 is

found from equation III-37 which, in view of the contents of the

preceding paragraph, simplifies to

—_— 2 —
R = (BT o
p

and by a rearrangement

; 2
)
de

Where £’2 is the square of the rms of fluctuations in density
obtained in run 2 and diy is the slope of the density cali-

de
bration curve.

In order to determine the velocity at a point in the
flow field, the density at that point is required. From the
A and B calibration curves the values of A and B are read.
With the average power supplied to the 2 mil sensor at that
point and the simplified form of equation III-1 as given below,

the velocity is calculated,
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The correction for velocity given in equation III-20
is not used, and it should be expected that errors exist in the
calculated values where fluctuations are quite large, The dif-
ference between calculated mean velocity and the actual mean
axial velocity (ﬁ) can be derived from equation IIT-20 and is

given below:

|
I

- r2 12
U calculated = U Ll - i g + X y- o4

L U= 2 U2
1ds prur 1 pl® 1 oE
B ap 'U T2 2§

dRA , d?B, =3

-]; (%_1: ——+———) 2+l|-_} V—-L{y
B U? dp= de?

Turbulent intensities as large as 20% can be shown to
give an error of about 1%, For instance, in the above case, the

terms

|

c
»

<
n

and —

=]
Y

[a
N

can be assumed to be both equal to 0.04., Since the rest of the
turbulence terms containing density are negligible compared to

the velocity fluctuations, then

= 1,01 U V-5

U calculated = U Ll _ 2Ok + °Oh§
b 2 -

Equation V-4 shows that velocity corrections are negligible for

turbulence intensities as high as 20%.



The other two fluctuating quantities, p’u and u’=%,

are found from equations III-30 and III-31. Rewriting them in

terms of density:

r 2 2 — —_— 2 —
3p 3p 3V v
72 3p = —_— d
pr = (£2) vz 42 28222 S0, (L2y 2 V-7
dp d3p BV v

—
p; and p, are obtained when the rms signals from
the two mil film and the 0,15 mil wire are squared.

To calculate

ap 3p '
the quantities

dA and a8

dp dpe

are first evaluated., This is done by formulating a twenty de-

gree polynomial for the A and B calibration curves, and

dA dB

dp de
are calculated by taking the termwise derivative of the poly-
nomial, Only the polynomial expression for one wire is needed
since A; and B; are linearly related to A, and B, respectively.

Equations V-5 and V-6 are solved simultaneously, and

then
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are subsequently obtained.

R5

D’Souza’s thesis

——

and p'u’
1 —

(2% (wz)?

A sample calculation is given in

and is reprinted in the following pages.
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Computer Programming

A program for the calculations was written in Fortran IV

language ard was run in a 360 computer system. ‘The inputs to

the program consist of:

(1)
(<)

(3)

(&)

(5)

(6)

Axial and radial positions at which data are taken,
Manually computed values of density and velocity at
these points.

ms values of the power loss in the aspirator probe.
(data from run 2)

rms values of the power loss in each of the two sen-
sors of the parallel wire probe., (data from run L)
Coefficients of the polynomial expansion of the A
and B calibration curves. These coefficients were
obtained from the output of a SINPAK subroutine pro-
gram that is available in the built-in library of
most computers,

Four points from the density calibration curve taken
at equal intervals. These points are to be used in
a four term polynomial approximation of the density

calibration curve, formulated as shown below,

P =Dy + Dyy + Do¥+ Day3 V-8

If the four points are (Py, 2;), (P2, 02), (P3, p3),

and (P4, o04), respectively, then

y‘ = £ - p1 V_g
p1+‘ p‘]

41




Co = Py
33
C3=(P4—3XP3+3XP2—P])XE

Cg =—C3X63{33+P3—2XP2—P1)X J V—lOa,b,

c,d

o W

C) =P4—Co—02—C3

A flow chart of the program is shown below:

\\7

density calibration curve Step 1

P'll P1, PZI P3r PLH Py

Read four points of

Calculate Dy, D;, Dz, Di
and D, from equation V-10 Step 2

Read each of the twenty )
coefficients of the A- Step 3
and B- calibration curve

polynomial expansion

Read a set of data: =z, r,
‘—,-2)% 3

o T, % 3% 27, Step 4

from
Step 16

1
2

(pg~)




-l
Compute UZ, p’%, {3“;?, ;Té‘é
1
dpd p,2

——

dp

Y,

r

r

Calculate da ’ QE’ nd
dp dp

3P

3p

Calculate coefficients of
Equation V-6 and V-7

|

Print coefficients of
Equations V-6 and V.7

!

Step 5

Step 6

Step 7

Step 8

Step 9

L3




LL

Calculate u’?, p'u’
from Equations V-6
and V-7

4

Step 10

Tes

u’<

pojr

Change sign
of u’=<

Step 12

Step 13

Assume another
value of ¢'2

starting from
.1, going up t9g
1.0

Step 15

Step
11

Step
14




Step 16

End

Explanation of computer flow chart

tep 1

Step 2
Step 3

Step 4

Step 5

Stores values of the ordinates, P,, P, P3, P,
of the four points taken from density calibration
curve and the abscissa of the first and last point,

p; and pp, respectively. The abscissa of the second

and third point need not be stored.
Self explanatory
Self explanatory
Each set of data consists of the axial position

z, radial position r, velocity U, deasity 5, rms of

—_ 1
power loss in first wire (p’%?)®, rms of power loss
1
e
in second wire (p’?)2 and rms of power loss in as-
2 4
2

pirator probe QD&Z) . These data are taken from a

single point in the flow field.

In this step, the computer takes the square

root of ﬁ1, squares the three rms inputs, calculate

L5



Step

Step

Step

Step

Step

Step

Step
Step

Step

46

6

7

10

11

12

13

14

de from equations V-8 and 9 and calculate ;Té

dp

from equation V-2 and the term y from equation

V-9.

Self explanatory.

The derivative with respect to density of A and B
is found by a termwise differentiation of its poly-
nomial expression, The derivative of power with
respect to density is subsequently obtained from

the equation given below

2 _ dA , dB

3p de dp

The coefficients of equations V-6 and V-7 are

easily found from the previous calculations.
Self explanatory

w’'? and p’'u’ are calculated by direct substitution

method,

The sign of u’? is changed to positive because the
computer will give an error message if the square

root of a negative number is taken,
Self explanatory
Self explanatory

The values of QTE and 575’ are calculated foxr dif.-

frent values of p’?, The computer starts with the



Step 15 -

Step 16 -

value obtained from equation V-2 and then subse-
quently assumes values of 0,1, 0.2 and up to 1.0

for p’?, The reason for doing this is explained

in Chapter VI,
Self explanatory

Self explanatory

L7
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VI RESULTS AND DISCUSSION

This chapter deals with the presentation of results
which were obtained from the data and calculations as described
in the previous chapters. An analysis of the values of velo-
city and density fluctuations obtained, as well as an explana-
tion of observed peculiarities in the behavior of density and

velocity profiles are included in the discussion.

A, Density and Velocity Fluctuations

From the results of the calculations, it was observed

that

(1) In regions of low velocity, the correlations used
for obtaining fluctuating terms give erratic results, such
as a negative sign for w2, A simple reason for this oc-
currence is that the correlations are not applicable at
low velocities., This explanation is supported by the be-
havior of data points in the power-velocity calibration
curves which shows that at low velocities, the power re-
quired ceases to be a function of density and becomes de-

pendent on velocity only. (See Figure VI-1)

(2) In regions of high velocities, reasonable values of
ETE and u’? are obtained, but the values for p ‘v’ are
found to be impossible, When the density fluctuation
(p’?) is increased by steady amounts and then used in

calculating ¢’v’ and p’?, it was observed that an increase
g '
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in the density fluctuation of 150% barely changed the tur-
bulence intensity by 8%. It was also observed that while

the cross product p’u’ would have a ridiculous value ini-

tially, subsequent values obtained by increasiny p’< be-

comes definitely possible. A typical result is presented

below.

Radial

Table I~ Run No. 4F  Axial position 2.0”  _507¥i . 0,27

No. of (er2)% ___ orut (u2)%

calculations p (p723)% (u'?)2 T
()" 0.23 - 1,01 0.215
(2) 0.2 - 0.86 0.217
(3) 0.4 - 0.771 0.221
(4) 0.5 - 0.74 0.226
(5) 0.6 - 0,736 0.232

*based on Equation V-2

From the above table, calculation number (1) shows that
the values of 0,23 and 0,215 for

—_— —_

r2\2 12\2
(o) and @’ %)
P U
respectively, are very reasonable, However, the value of

- 1,01 for

(772)% (072



is mathematically impossible as given by Cauchy’s inequal-

ity,

p'u’ < 1
-— I — I -
2 (’ul2)2

Suspecting that 572 as determined from the aspirator

probe data is damped, the value of 072 is steadily increased

and results are given in calculations 2, 3, 4 and 5. In
terms of percentages, when

(02)

P

1
2

roj=

T2
is changed from 23% to 60%, (E:—)
U

changed from 21,5% to 23.2%. The correlation,

ul
(a’=)

pl
e 1 ’

(p12)2 2

which has an erroneous value initially, gradually assumes
a more feasible value, This is a definite indication that

the density fluctuation is damped.

It should also be noted that there exists a limit

wherein the value of the density turbulent intensity

can not be exceeded., This comes from the fact that, un-
like velocity, the density in the flow field can not be
lower than that of air, 0.075 lb/ft3, nor higher than

that of Freon-12, 0.317 1b/ft3, For instance, the
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density at the point in which the quantities in Table I
were calculated is 0,183. Hence, the maximum fluctuation
which is the difference of 0,075 from 0,183 is ,108. This
fluctuation corresponds to a maximum density turbulence in-
tensity of 0.59.

Another behavior that is worth noting is the seeming
lack of dependence of u’'? on 0’2 as can be observed in
Table I. The reason for this behavior has been explained
in the chapter on “Analytical Discussion.”

Results for the turbulence intensities are shown in
Figures V1-2, V1-3, V1-4 and V1-5, The profiles in Figures
V1-2 and V1-3 show a maximum turbulence intensity of about
70% at 1.0” downstream. These maxima are close to the
center line and are very different from the velocity and

1n

density profiles. At 2” and £” downstream, the profile

peak at about 50% at

Tlrg ¥ 0.8

These peaks are narrow initially and then gradually widens
with the peak value falling off. At 2", the maximum is
near 30%. They then become flatter, similar looking pro-
files at 4", 6" and 10” with the maxima at 15% to
8%. The free stream turbulence intensity is about 3%.

The turbulence intensity field could be divided into
two main regions, An initial region, characterized by
high narrow peaking of the profiles and a ”similarity”

region where profiles are apparently similar. The initial
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region is restricted to an axial position of 2.0” for the
high velocity cases and extends from 4,0” to 6,0” at the
lowexr velocity ratio cases.

In the region close to the jet opening, the data re-
ported may not be very accurate, Because this is a region
of low velocity, it is difficult to get satisfactory re-

sults.

Velocity Profiles

Figures V1-6, V1-7, V1-8 and V1-9 show typical velo-
city profiles taken at various velocity ratios. The ef-
fects of radial and axial momentum transfer by viscous
force is very evident in all the curves.

In addition to viscous forces, inertia, pressure, bouy-
ant forces, boundary effects, etc.,, affects the momentum
of a particle in the flow field. Two peculiar ocbservations

that can be interpreted in terms of the actions of these

forces are noted.

(1) At about four inches downstream, the centerline velo-
city is inversely proportional to the initial inner stream
velocity, though intuition leads one to believe it to be
directly broportionaln If centerline velocity at various
parts downstream is plotted against initial velocity, the
curve is as shown in Figure V1-10. The behavior can be
explained this way: Af low initial velocity, the amount

of fluid to be accelerated is less, hence viscous force

can accelerate the fluid particles to a higher velocity
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at a shorter distance, The higher the initial flow rate,
the longer the distance it will take to attain the outside
air velocity. However, if we go on increasing the initial
flow rate, it begins to approach the outer stream velocity.
Obviously there will be a minimum in dowastream velocity.

This explanation will be supported by the following
simplified analysis.

The change in momentum (final minus initial momentum)
required to attain a velocity, say Uy, by a stream in plug

flow is given by

M= Uo(eR Up) - U (oA Up) =

pdy Ui[Uo - U, | Vi-1

Where p is density, At is cross sectional area of tube,

Ui is initial velocity, Uy is final velocity. Eguation
V1-1 shows that 2 M is small at low velocity because Ui
is small, becomes gradually larger as U, is increased,

and then decreases again because (U, - Ui) becomes smal-
ler, The velocity where A M is maximum is found by dif-

ferentiating Egquation V1-1, and is given below

v, = Yo V12

A similar result is obtained for streams in laminar flow

kR 2
Initial momentum =J0Ui c 2 nrdrx
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Substituting the Hagen-Poiseuille relation for velocity

in a pipe and integrating gives

2
M, = 4o Ap Ty V1-3
Where Mi = initial momentum, AT is tube cross-sectional
area, U, is average velocity in tube,

final momentum = Uy U, ¢ A

i t
Hence,
5
AM = p At Ui LUO -3 UiJ V1-4
and AM maximum occurs at
U, = 2 U, V1-5

i b

Equations V1-4 and V1-5 show that there is an initial
velocity in which the change in momentum required to ac-
celerate a fluid stream of a given cross-sectional area

to a given velocity Uy 1is a maximum. Consequently, there
also exists a certain initial velocity in which the change
in velocity required to effect a given change in momentum

will be minimum.

For plug flow, this occurs at

Ui minimum = A M V1-6

pAt




For laminar flow

U, minimun =\,2—A—M V1-7
L p A '

t

Equations V1-6 and V1-7 show that assuming equal accel-
arative forces are acting (A M), the fluid stream which has

an initial velocity in the range

b.n
i

2 2
(3 A M) f, Ui 5 (.{-\‘_M‘)
L A, : "At

will attain the lowest welocity. The range in values of Ui
follows from the fact that flow in turbulent pipes is midway

between the two extremes, flat flow and laminar flow.

(2) The center line velocity from the mouth of the
nozzle does not immediately increase, but decreases for the
first 1/2” downstream, before starting to increase. This
phenomsnon has been observed only when the air-to-freon velo-
city ratio is high. Its presence is analagous to the existence
of "backflow” behind the wake of a sphere or a cylinder. How-
ever, "backflow” in the system being discussed is manifested

as a net reduction in velocity and is observed only at high

velocity ratios.

C. Density Profile

FiguresV1l-11, V1-12, V1-13 and V1-14 are density profiles

at various distances downstream. A comparison of the density
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and velocity profiles shows that the density assumes a flat
profile at a shorter axial distance than the velocity. In
general, it can be said that the transfer of mass occurs at
a faster rate than transfer of momentum.

It also appears that there are at least four regions of
flow: (1) The small undisturbed core of Freon—lé which exists
as far as 2" downstream (Figure V1-15) for a velocity ratio
of 5.4a (2) A centrally located mixing zone where most of
the mixing takes place. This region covers a cross sectional
area the size of the pipe cross section, and it extends to a
considerable distance downstream. (3) A middle section
wherein concentration changes are megligible compared to the
mixing zone. (4) Outer undisturbed outer stream. Thesse re-

gions in the flow stream are depicted in Figure V1-15,

inner
cor
outer stre undisturbed
mixing outer stream
zone
Middle Section
Figure V1-15 -~ Axial cross section of flow stream

in coaxial flow showing the different density regions,

An interesting occurrence at the high velocity ratio (See

Figures V1-11, 12, and 13) is the presence of a hump in the




density profile at 1/4 and 1/2 inch downstream of the
initial face. The expected curve is one with a monotonic
decrease of density as radial distance increases.

This might be explained in part by Equation V-1, which

gives the relation of average power to density.

=

|

- _ D )
pd(p)~Pd.— pzp - Sd— ey Vl

[0}
Q.

p

At large density fluctuations, the correction terms

_g_éPdFZ_
dp*=

which give a positive error to the averags power might not be
negligible, For instance, for run L4F, axial position 2,0

and radial position 0.2”",

By o= 1.604
p’2 = 001777
2
g—%i is found by differentiating the power expression
de

given in the sample calculation of Chaptexr V.

dfpy - 2:1.017 6% .396 (p - .075) - 17,6
dp? .2252 2252 (1,225 )

From Equation V-1
By(p) = 1.604 - (.00177)(17.6) = 1.573

From Figare IV-3

5 = 0,199 which differs from .183 by 8,5%.
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The net effect of neglecting these terms is that a lower
density reading is obtained. The fact that the density fluc-
tuation is highest when the measured density is lower than ex-
pected, partially supports this hypothesis. In the density
profile curves, the spots where humps might occur are indi-

cated in Figure VI-16

-——
o 1/2” downstream
. o
\ ,/ t 'gy
\\ //’ 1 1’ downstrean
region of Nezl 4
high density radial
fluctuation distance

Figure VI-16 Regions where density profile might show humps

However, it was found that the magnitudes of the error
corrections were much smaller than the deviations observed,
A correction of about 10% in the density calculations brought
the deviations to within 50% of their expected values. No
other reason for the occurrence of the phenomsnon can be

given,



CONCLUSIONS

(1) It has been indicated in the literature that the power
loss from three independent hot film anemometers can provide

a means for determining

t— — —

p’2 , p’u’, and u’'?

For the flow system considered, it was found that the magni-
tude of the experimental error in the data is as large as the
value of p’2 and, hence, the equations are not really in-

dependent, Another method to estimate p’? is necessary.

(2) The fluctuating power recorded by the aspirator probe
is not a measure of the fluctuating density in the flow field
but of that in the aspirator probe. These fluctuations are con-

siderably damped from those in the free stream.

(3) Because of the relationship betwsen ’2 and u’?

a large change in the magnitude of ‘2 usually has only a
small effect on the magnitude of u’'? at the range where ths

power loss equations are applicable,

(4) The turbulence intensity profiles may be divided into
an initial region and a similar region, much like the density

and velocity profiles.

(5) In the initial region, intensities are higher than in-
the similar portion with maxima haviny magnitudes of about L0%.
In the similar region, maximum inteansities are about 15%. The

maximun depends on the velocity ratio of the streams.
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